Effects of increased temperature and aquatic fungal diversity on litter decomposition by Geraldes, Paulo et al.
1 
Effects of increased temperature and aquatic fungal diversity on litter 
decomposition  
  
Paulo Geraldes, Cláudia Pascoal and Fernanda Cássio 
 
 
Centre of Molecular and Environmental Biology (CBMA), Department of Biology, 
University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal. 
 
 
 
For correspondence:  
Fernanda Cássio  
E-mail fcassio@bio.uminho.pt 
Tel. +351253604045 
Fax. +351253678980 
 
 
 
 
 
 
 
 
 
2 
Abstract 
Climate warming and biodiversity loss are two major factors threatening freshwaters. 
Aquatic hyphomycetes are fungi that play a key role in organic matter turnover in 
streams. To assess the impacts of temperature increase and aquatic hyphomycete 
diversity on plant-litter decomposition, we manipulated fungal assemblage composition 
at two levels of diversity (four and eight species) under ambient temperature of 16 ºC 
and two regimes of temperature increase differing in 8 ºC: abrupt versus gradual 
increase from 16 to 24 ºC. The effects were evaluated on leaf-litter decomposition, 
fungal biomass production and fungal reproduction. The increase in temperature 
affected the structure of fungal assemblages and leaf decomposition more than fungal 
biomass or reproduction. Although evidence for some redundancy between fungal 
species was found, assemblage composition emerged as the major factor controlling 
fungal biomass and reproduction under different temperature regimes.  
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Introduction 
Climate change is of great concern among the multitude of factors that are threatening 
biodiversity, ecosystem functioning and the services they provide (Dudgeon et al. 2006; 
Vitousek et al. 1997; Vörösmarty et al. 2010). Climate change is represented by 
phenomena like the increase of i) mean global temperature, ii) diurnal temperature 
oscillations, and iii) frequency and magnitude of severe weather events, like drought 
periods or intense rainfalls (Easterling et al. 2000; Jentsch et al. 2007). These events, in 
turn, can affect the behaviour and distribution of species and the structure of 
communities (Walther et al. 2005) because each species within communities can 
migrate, adapt or perish under climate change conditions (Perkins et al. 2010). 
Temperature is a key factor determining the activity of organisms in ecosystems 
(Friberg et al. 2009), with higher temperatures stimulating biological activities at least 
within physiological limits (Bergfur & Friberg 2012). As a result, changes in 
temperature can have repercussions in key ecosystem processes like organic matter 
decomposition (Hobbie 1996; Cornelissen et al. 2007). 
In temperate forested streams, the input of plant litter from the riparian trees is the main 
energy and carbon source to aquatic biota (Webster & Benfield 1986). Aquatic 
hyphomycetes are key drivers of plant-litter decomposition in these ecosystems 
(Bärlocher 1992); they produce extracellular enzymes that degrade plant litter, improve 
litter palatability to invertebrate shredders, release fine particulate organic matter used 
by invertebrate collectors, and release inorganic nutrients to primary producers 
(Suberkropp 1998; Bärlocher 2005).  
The functional impacts of biodiversity loss have been the focus of increasing research in 
ecology. A positive relationship between fungal species richness and leaf decomposition 
has often been found (Bärlocher & Corkum 2003; Treton et al. 2004; Duarte et al. 2006; 
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Pascoal et al. 2010; Fernandes et al. 2011) due to facilitative interactions and resource-
use complementarity (Fernandes et al. 2011). Moreover, there is evidence that the 
functional impacts of biodiversity loss largely depend on the identity of species that are 
lost or gained from the system (Duarte et al. 2006; Pascoal et al. 2010). This means that 
traits of certain species may have a greater impact on ecosystem processes than species 
diversity per se (Pascoal & Cássio 2008). However, it appears that environmental 
context modulates the impacts of fungal diversity on litter decomposition (Bärlocher & 
Corkum 2003; Pascoal et al. 2010; Fernandes et al. 2011).  
Temperature affects the distribution (Suberkropp 1984; Wood-Eggenschwiler & 
Bärlocher 1985), growth and reproduction (Chauvet & Suberkropp 1998; Rajashekhar 
& Kaveriappa 2000; Dang et al. 2009; Fernandes et al. 2009) of aquatic hyphomycetes. 
An increase in temperature generally increases metabolic rates (Sokolova & Lannig 
2008) probably explaining the accelerated leaf decomposition driven by aquatic fungi at 
higher temperatures (Dang et al. 2009; Fernandes et al. 2009, Ferreira & Chauvet 
2011).  
Although previous studies had evaluated the effects of temperature or fungal diversity 
on litter decomposition in aquatic ecosystems, their combined effects were not tested 
yet. Here, we manipulated the assemblage composition of aquatic hyphomycetes at two 
levels of diversity (four species and eight species) under two regimes of temperature 
differing in 8 ºC: abrupt versus gradual increase from 16 to 24 ºC. We hypothesize that: 
(a) the increase in temperature will stimulate fungal activity leading to an increase of 
litter decomposition, but the magnitude of the effect may depend on how fast 
temperature increase; and (b) traits of certain fungal species may be of greater 
importance than species number to maintain ecological processes under different 
temperature conditions. The impacts of temperature, fungal species composition and 
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diversity were evaluated on three functional aspects: leaf-litter decomposition, fungal 
biomass production and fungal reproduction. 
 
Methods 
Fungal species and growth 
The aquatic hyphomycetes species used were: Alatospora acuminata Ingold (UMB – 
140.01; AA), Anguillospora filiformis Greath. (UMB – 66.01; AF), Articulospora 
tetracladia Inglod (UMB – 72.01; AT), Flagellospora curta J.Webster (UMB – 39.01; 
FC), Heliscus lugdunensis Sacc. and Thérry (UMB – 159.01; HL), Lunulospora curvula 
Ingold (UMB – 108.01; LC), Tetracladium marchalianum De Wild. (UMB – 239.02; 
TM), Tricladium splendens Ingold (UMB – 100.01; TS) and Varicosporium elodeae W. 
Kegel (UMB – 142.01; VE). Fungi were isolated from single spores collected from 
leaves, twigs and foam in streams of Northwest Portugal, and are maintained at the 
Centre of Molecular and Environmental Biology, Department of Biology, University of 
Minho.  
For microcosm experiments, fungi were grown on 2% malt extract agar, at 16 ºC, 
during 20-25 days.  
 
Microcosm setup and experimental design 
Air-dried leaves of Alnus glutinosa L. Gaertn. (alder) were leached in deionised water 
for 48 h and cut into 12 mm diameter disks. Sets of 20 disks were autoclaved (120 ºC, 
20 minutes) and placed, aseptically, in 150 ml Erlenmeyer flasks containing 80 ml of 
filtered and autoclaved stream water. The stream water was collected in a low-order 
stream and had slightly acidic pH (6.49 ± 0.01), low conductivity (44 ± 1 µS cm-1), low 
nutrient concentrations (1.1 ± 0.1 mg l-1 N-NO3-, 0.008 ± 0.001 mg l-1 N-NO2-, 0.02 ± 
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0.01 mg l-1 P-PO43-, <0.01 mg l-1 N-NH3), and low chemical oxygen demand (COD, 12 
± 1 mg l-1). 
Microcosms were inoculated with a total of 2 agar plugs with 6 mm diameter collected 
from the edge of fungal colonies in the following diversity treatments: two 
combinations of low diversity (four fungal species) and two combinations of high 
diversity (eight fungal species) as shown in Table 1. The total inoculum size in 
microcosms was maintained and divided equally among all species. Fungal assemblages 
were exposed during 28 days to the following temperature treatments: i) ambient 
temperature of 16 ºC, ii) an abrupt increase of 8 ºC, (from 16 to 24 ºC) after 21 days, 
and iii) a gradual increase of 2-3 ºC (from 16 to 24 ºC) every 7 days, in a total of 48 
microcosms (two diversity levels, two fungal assemblages, three temperature 
treatments, and four replicates). The microcosms were maintained under shaking (120 
rpm; Certomat BS 3, Melsungen, Germany). Every 7 days, the stream water was 
renewed and the discarded water was used to estimate fungal sporulation, as described 
below. At the end of the experiment, leaf disks were used to determine the remaining 
dry mass and fungal biomass. 
 
Fungal biomass and sporulation  
Fungal biomass was estimated from ergosterol concentration on leaves (Gessner 2005). 
Sets of eight leaf disks were placed in K-OH methanol (8 g L-1) and heated (80 ºC for 
30 min) for lipid extraction. The ergosterol was purified by solid phase extraction and 
quantified by high performance liquid chromatography (HPLC, Beckman Gold System 
Brea, CA, USA), using a LiChrospher RP18 column (250 X 4 mm, Merck). The system 
was run isocratically with HPLC-grade methanol at 1.4 ml min-1 and 33 °C. Ergosterol 
peaks were detected at 282 nm, and series of ergosterol standards in isopropanol 
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(Sigma) were used to estimate ergosterol concentration in the samples.	
Conidial suspensions were mixed with 0.5 % Triton X-100 and appropriate volumes of 
each replicate were filtered (5 µm pore size, Millipore,	 Billerica, MA, USA). Conidia 
retained on filters were stained with 0.05 % cotton blue in lactic acid and the filters 
were scanned under a light microscope (400 X, Leica Biomed, Heerbrug, Switzerland) 
for conidial types and numbers. 
 
Leaf mass loss 
Sets of eight leaf disks from each replicate microcosm were freeze-dried (Christ alpha 
2–4, B. Braun, Germany) for 48 h and weighed (± 0.01 mg). Non-inoculated leaf disks 
were used to determine the initial weight of the disks. 
 
Data analyses 
To test the effects of temperature, species richness and assemblage composition on leaf 
mass loss, fungal biomass and conidial production, a three-way nested ANOVA was 
performed (Underwood 1997). Additionally, a two-way nested ANOVA was used to 
assess the effects of temperature and species richness at the ambient temperature (16 
ºC). 
To achieve normal distribution and homoscedasticity, fungal biomass data were ln-
transformed (Zar 1996). Statistical analyses were performed with Statistica 8.0 for 
Windows (Statsoft, Inc, Tulsa, OK, USA). 
 
Results 
Leaf mass loss 
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Mass loss of alder leaves driven by fungal assemblages with different species 
composition within two levels of diversity (four and eight species) varied from 14 to 29 
% in microcosms kept at ambient temperature (16 ºC) for 28 days (Fig 1A). The 
exposure of fungal assemblages to increased temperatures led to leaf mass losses 
between 30 and 37 % (Fig 1A). Overall, leaf mass loss increased with the increase in 
temperature, but was not affected by species number or composition (three-way nested 
ANOVA; P < 0.0001, P = 0.4287 and P = 0.1867, respectively; Table 2). However, at 
ambient temperature, leaf mass loss was affected by assemblage composition (two-way 
nested ANOVA; P = 0.0437).  
 
Fungal biomass and sporulation 
At the end of the experiment, fungal biomass on alder leaves varied between 264 and 
423 µg ergosterol g-1 leaf dry mass for all species combinations and temperature 
regimes, except in microcosms with high diversity and without Articulospora 
tetracladia (All – AT) kept at ambient temperature (16 ºC), in which fungal biomass 
reached 664 µg ergosterol g-1 leaf dry mass (Fig 1B). Assemblage composition nested 
within species number significantly affected fungal biomass, so did the interaction 
between temperature and assemblage composition (three way-nested ANOVA, P = 
0.0098 and P = 0.0052, respectively; Table 2), but species number or temperature 
regimes had no significant effect (three way-nested ANOVA, P = 0.056 and P = 0.309, 
respectively; Table 2).  
After 28 days, the highest sporulation rate (5.3 × 106 conidia mg-1 leaf dry mass day-1) 
occurred in decomposing leaves with the highest fungal biomass, i.e. in microcosms 
kept at ambient temperature containing the assemblage All-AT, while the lowest 
sporulation rate was found in treatments with low diversity containing Flagellospora 
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curta, Tricladium splendens, Tetracladium marchalianum and Anguillospora filiformis  
(Fig 1C). Species number and assemblage composition significantly affected fungal 
sporulation (three way-nested ANOVA, P < 0.0001 for both cases; Table 2). 
Temperature did not affect fungal sporulation (three way-nested ANOVA, P = 0.1816; 
Table 2), but interactions between temperature and species number or assemblage 
composition were significant (three way-nested ANOVA; P = 0.0394 and P = 0.0085, 
respectively; Table 2). 
 
Structure of fungal assemblages  
The analysis of the structure of aquatic hyphomycete assemblages on decomposing 
leaves showed the dominance of one sporulating species (Table 3). At low diversity 
level, Heliscus lugdunensis or T. splendens contributed with more than 70 % to the total 
released conidia. The dominance pattern was not affected by temperature, but the 
contribution of Lunulospora curvula or A. filiformis increased at least two-times in 
treatments with a gradual increase of temperature (from 16 to 24 ºC).  
In assemblages with high fungal diversity, the dominant species was H. lugdunensis, 
contributing at least with 52.2 % to the total conidial production (Table 3). The species 
Alatospora acuminata and Varicosporium elodeae were well represented with 
contributions ranging from 8.8 to 19.5 %. Again, the dominance species pattern did not 
change under different temperature regimes, but the gradual increase in temperature 
increased almost two- and five-times the contribution of T. splendens and L. curvula to 
the total conidial production, respectively. On the contrary, the contribution of A. 
acuminata decreased to near half the value found at the ambient temperature. A. 
tetracladia contributed with 6 to 12% to the total conidial production with lower values 
found in microcosms in which the temperature was gradually increased. 
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Effect size 
The effect size (i.e. how much each treatment deviated from the grand mean) of 
increasing temperature was positive on leaf mass loss (up to 46 % differences between 
ambient and elevated temperature) but negative on fungal reproduction and fungal 
biomass (up to 23 and 29 % differences, respectively; Fig. 2A). The effect size of 
species number was positive on fungal reproduction (up to 47 % differences) but effect 
size was minor for leaf mass loss and fungal biomass (Fig. 2B). 
 
Discussion 
In our study, leaf-litter decomposition was more affected by temperature than by 
identity or number of aquatic hyphomycete species. Even though faster decomposition 
was found at higher temperatures, which agrees with previous studies (Dang et al. 2009; 
Fernandes et al. 2009; Ferreira & Chauvet 2011), no differences were observed between 
an abrupt and a gradual increase of 8 ºC, probably because the aquatic hyphomycete 
species used here were isolated in temperate streams that can reach high temperatures in 
the warm season (16 – 21 ºC in spring; Pascoal & Cássio 2004). Most aquatic 
hyphomycetes show maximum growth between 15 and 25 ºC (Suberkropp 1984; 
Sridhar & Bärlocher 1993), which was the range of temperatures used in our study. 
Because temperature enhances chemical reactions and biological activities (Brown et al. 
2004; Bergfur & Friberg 2012), the increase in leaf decomposition may be the result of 
a stimulation of exoenzyme activities of aquatic hyphomycete species. Indeed, other 
studies found a stimulation of leaf decomposition by increased temperature (Fernandes 
et al. 2009; Ferreira & Chauvet 2011).  
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Although temperature is one of the most important factors affecting fungal activity, we 
were not able to detect any significant effect of temperature on overall fungal biomass 
produced. This was not expected since temperature was the factor that most stimulated 
leaf decomposition by fungi. Increased temperature differentially affects microbial 
biomass production and respiration, with a negative effect on growth efficiency often 
found (Apple et al. 2006; Gonzalo et al. 2007). Thus, it is conceivable that temperature 
had decreased growth efficiency, i.e. ratio biomass produced / (biomass produced + 
respiration) of overall fungal assemblage, and this would contribute to the absence of 
fungal biomass stimulation under increased temperatures. Unfortunately, we did not 
measure fungal respiration to further clarify this question. Moreover, the individual 
contribution of aquatic hyphomycetes to the whole assemblage biomass is difficult to 
track (but see Pascoal et al. 2010 and Fernandes et al. 2011), making it difficult to 
assess temperature effects on species interactions within fungal assemblages.  
In our study, there were no significant differences in leaf decomposition between fungal 
assemblages with high (eight species) and low (four species) diversity. This result 
agrees with that reported for stream microcosms with up to eight fungal species on leaf 
litter (Dang et al. 2005), but not with the positive fungal diversity effects on 
decomposition found when manipulating one to five species (Bärlocher & Corkum 
2003; Duarte et al. 2006; Pascoal et al. 2010). Even in streams with highly diverse 
fungal assemblages (up to 26 species; Pascoal & Cássio 2004; Bärlocher et al. 2005), 
three to five fungal species are generally dominant on decomposing leaves. Altogether, 
our data suggest functional redundancy among aquatic hyphomycete species, indicating 
that processes can be maintained at relatively low levels of diversity.  
In our experiment at 16 ºC, the composition of fungal assemblages affected leaf-litter 
decomposition. Also, overall fungal biomass was affected by assemblage composition, 
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but not by species number, indicating that certain species have traits that may have a 
greater influence on ecosystems processes than species number per se (Bärlocher & 
Corkum 2003; Duarte et al. 2006; Treton et al. 2004; Pascoal & Cássio 2008). Data 
from literature also indicate that responses of fungal assemblages to temperature depend 
on which species are present (Dang et al. 2009). Our data from conidial production 
corroborate this observation; certain species such as L. curvula were stimulated by 
elevated temperature while others such as A. tetracladia were inhibited. However, 
collective fungal sporulation was not affected by temperature. These findings agree with 
those obtained by Dang et al. (2009), who found that assemblage responses reflect the 
response of dominant species, which were not affected by temperature in our study. 
Some studies emphasise that early fungal colonizers will determine the development 
and activity of fungal assemblages on decomposing leaves (Ferreira & Chauvet 2011; 
Sridhar et al. 2009). In our study, the temperature was only increased after 7 days of 
fungal colonization, which may partially explain the absence of temperature effects on 
species dominance patterns. 
Aquatic hyphomycetes release conidia to complete their entire life cycle, and so, low 
conidial production may compromise successfully colonization of new substrata and, 
ultimately, threatening species survival. In our study, fungal reproductive output 
increased with diversity, and differences in conidial production between fungal 
assemblages were lower at high than at low diversity levels. This suggests that high 
fungal diversity decrease variability of reproductive activity of the whole assemblage, 
with implications for community stability when facing environmental changes as shown 
by Pascoal et al. (2010).  
Overall results showed faster leaf decomposition under increased temperature, but 
without differences between an abrupt and a gradual increase in temperature.  Under 
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different temperature regimes, assemblage composition came out as the major factor 
controlling fungal biomass and reproduction, while fungal diversity was only critical to 
maintain reproduction. Although evidence for some redundancy between fungal species 
was found, it appears that the loss of certain species may lead to measurable losses in 
ecological functions of fungal assemblages under different temperature regimes. 
However, results obtained here should be interpreted with caution, because impacts may 
differ at longer time scales (Van Ruijven & Berendse 2005), and other factors 
associated with global change may act in combination (Hoffman et al. 2003; 
Przeslawski et al. 2005; Ferreira & Chauvet 2011), which overall impacts are still 
difficult to predict.  
 
 
Acknowledgements 
This study was support by the Portuguese Foundation for Science and Technology 
through the projects PTDC/CLI/67180/2006 (FCOMP-01-0124-FEDER-007112), 
TDC/AAC-AMB/117068/2010 and PEst-C/BIA/UI4050/2011. 
 
References 
Apple JK, del Giorgio PA, Kemp WM, 2006. Temperature regulation of bacterial 
production, respiration, and growth efficiency in a temperate salt-marsh estuary. 
Aquatic Microbial Ecology 43: 243–254.  
Bärlocher F, 1992. The Ecology of Aquatic Hyphomycetes. Springer-Verlag, Berlin. 
Bärlocher F, 2005. Freshwater fungal communities. In: Deighton J, Oudemans P, White 
J (Eds.), The fungal community: Its Organization and Role in the Ecosystem, 3rd 
ed, Taylor and Francis, CRC Press, Boca Raton, Florida, pp. 39–59. 
14 
Bärlocher F, Corkum M, 2003. Nutrient enrichment overwhelms diversity effects in leaf 
decomposition by fungi in streams. Oikos 101: 247–252. 
Bergfur J, Friberg N, 2012. Trade-offs between fungal and bacterial respiration along 
gradients in temperature, nutrients and substrata: experiments with stream derived 
microbial communities. Fungal Ecology 5: 46-52. 
Brown JH, Gillooly JF, Allen AP, Savage VM, West GB, 2004. Towards a metabolic 
theory of ecology. Ecology 85: 1771–1789. 
Chauvet E, Suberkropp K, 1998. Temperature and sporulation of aquatic hyphomycetes. 
Applied and Environmental Microbiology 64: 1522–1525. 
Cornelissen JHC, van Bodegom PM, Aerts R, Callaghan TV, van Logtestijn RSP, 
Alatalo J, Chapin FS, Gerdol R, Gudmundsson J, Gwynn-Jones D, Hartley AE, 
Hik DS, Hofgaard A, Jónsdóttir IS, Karlsson S, Klein JA, Laundre J, Magnusson 
B, Michelsen A, Molau U, Onipchenko VG, Quested HM, Sandvik SM, Schmidt 
IK, Shaver GR, Solheim B, Soudzilovskaia NA, Stenström A, Tolvanen A, 
Totland Ø, Wada N, Welker JM, Zhao X, Team MOL, 2007. Global negative 
vegetation feedback to climate warming responses of leaf litter decomposition 
rates in cold biomes. Ecology Letters 10: 619–627. 
Dang CK, Chauvet E, Gessner MO, 2005. Magnitude and variability of process rates in 
fungal diversity-litter decomposition relationships. Ecology Letters 8: 1129–1137. 
Dang CK, Schindler M, Chauvet E, Gessner MO, 2009. Temperature oscillation 
coupled with fungal community shifts can modulate warming effects on litter 
decomposition. Ecology 90: 122–131. 
Duarte S, Pascoal C, Cássio F, Bärlocher F, 2006. Aquatic hyphomycete diversity and 
identity affect leaf litter decomposition in microcosms. Oecologia 147: 658–666. 
15 
Dudgeon D, Arthington AH, Gessner MO, Kawabata Z-I, Knowler DJ, Lévêque C, 
Naiman RJ, Prieur-Richard A-H, Soto D, Stiassny MLJ, Sullivan CA, 2006. 
Freshwater biodiversity: importance, threats, status and conservation challenges. 
Biological Reviews 81: 163–182. 
Easterling DR, Meeh GA, Parmesan C, Changnon SA, Karl TR, Mearns LO, 2000. 
Climate extremes: observations, modelling and impacts. Science 289: 2068–2074. 
Fernandes I, Uzun B, Pascoal C, Cássio F, 2009. Responses of aquatic fungal 
communities on leaf litter to temperature-change events. International Review of 
Hydrobiology 94: 410–418. 
Fernandes I, Pascoal C, Cássio F, 2011. Intraspecific traits change biodiversity effects 
on ecosystem functioning under metal stress. Oecologia 166: 1019–1028. 
Ferreira V, Chauvet E, 2011. Synergistic effects of water temperature and dissolved 
nutrients on litter decomposition and associated fungi. Global Change Biology 17: 
551–564. 
Friberg N, Dybkjær JB, Olafsson JS, Gislason GM, Larsen SE, Lauridsen TL, 2009. 
Relationships between structure and function in streams contrasting in 
temperature. Freshwater Biology 54: 2051-2068. 
Gessner MO, 2005. Ergosterol as a measure of fungal biomass. In: Graça MAS, 
Bärlocher F, Gessner MO (Eds.), Methods to Study Litter Decomposition: A 
Practical Guide, Springer-Verlag, Berlin, pp. 171–176. 
Gonzalo P, Valderrama MJ, Siloniz MI de, Peinado JM, 2007. Incubation at low 
temperature increases biomass yield in yeasts isolated from cold environments. 
Food Technology and Biotechnology 35: 294-253. 
Hobbie SE, 1996. Temperature and plant species control over litter decomposition in 
Alaskan tundra. Ecological Monographs 66: 503–522. 
16 
Hoffman JR, Hansen LJ, Klinger T, 2003. Interactions between UV radiation and 
temperature limit inferences from single-factor experiments. Journal of Phycology 
39: 268–272. 
Jentsch A, Kreyling J, Beierkuhnlein C, 2007. A new generation of climate change 
experiments: events, not trends. Frontiers in Ecology and the Evolution 5: 365–
374. 
Pascoal C, Cássio F, 2004. Contribution of fungi and bacteria to leaf litter 
decomposition in a polluted river. Applied and Environmental Microbiology 70: 
5266–5273. 
Pascoal C, Cássio F, 2008. Linking fungal diversity to the functioning of freshwater 
ecosystems. In: Sridhar KR, Bärlocher F, Hyde KD (Eds.), Novel Techniques and 
Ideas in Mycology. Fungal Diversity Press, Hong Kong, pp. 1–15. 
Pascoal C, Cássio F, Nikolcheva L, Bärlocher F, 2010. Realized fungal diversity 
increases functional stability of leaf litter decomposition under zinc stress. 
Microbial Ecology 59: 84–93. 
Perkins DM, Reiss J, Yvon-Durocher G, Woodward G, 2010. Global change and food 
webs in running waters. Hydrobiologia 657: 181–198 
Przeslawski R, Davis AR, Benkendorff K, 2005. Synergistic effects associated with 
climate change and the development of rocky shore molluscs. Global Change 
Biology 11: 515–522. 
Rajashekhar M, Kaveriappa KM, 2000. Effects of temperature and light on growth and 
sporulation of aquatic hyphomycetes. Hydrobiologia 441: 149–153.  
Sokolova IM, Lannig G, 2008. Interactive effects of metal pollution and temperature on 
metabolism in aquatic ectotherms: implications of global climate change. Climate 
Research 37: 181-201. 
17 
Sridhar KR, Bärlocher F, 1993. Effect of temperature on growth and survival of five 
aquatic hyphomycetes. Sydowia 45: 377–387. 
Sridhar KR, Duarte S, Cássio F, Pascoal C, 2009. The role of early fungal colonizers in 
leaf-litter decomposition in Portuguese streams impacted by agricultural runoff. 
International Review of Hydrobiology 94: 399–409. 
Suberkropp K, 1984. Effect of temperature on seasonal occurrence of aquatic 
hyphomycetes. Transactions of the British Mycological Society 82: 53–62. 
Suberkropp K, 1998. Microorganisms and organic matter decomposition. In: Naiman 
RJ, Bilby RE (Eds.), River Ecology and Management: Lessons from the Pacific 
Coastal Ecoregion. Springer, New York, pp. 120–143. 
Treton C, Chauvet E, Charcosset J-Y, 2004. Competitive interaction between two 
aquatic hyphomycete species and increase in leaf litter breakdown. Microbial 
Ecology 48: 439–446. 
Underwood AJ, 1997. Experiments in Ecology – Their Logical Design and 
Interpretation Using Analysis of Variance. Cambridge University Press, 
Cambridge. 
Van Ruijven J and Berendse F, 2005. Diversity–productivity relationships: Initial 
effects, long-term patterns, and underlying mechanisms. Proceedings of the 
National Academy of Sciences 102: 695–700. 
Vitousek PM, Mooney HA, Lubchenco J, Melillo JM, 1997. Human domination of 
earth’s ecosystems. Science 277: 494–499. 
Vörösmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich A, Green P, Glidden 
S, Bunn SE, Sullivan CA, Reidy Liermann CA, Davies PM, 2010. Global threats 
to human water security and river biodiversity. Nature 467: 555-561. 
18 
Walther G-R, Hughes L, Vitousek P, Stenseth NC, 2005. Consensus on climate change. 
Trends in Ecology and Evolution 20: 648-649. 
Webster JR, Benfield EF, 1986. Vascular plant breakdown in freshwater ecosystems. 
Annual Review of Ecology, Evolution, and Systematics 17: 567–594. 
Wood-Eggenschwiler S, Bärlocher F, 1985. Geographical distribution of Ingoldian 
fungi. Verhandlungen der internationalen Vereinigung für Limnologie 22: 2780–
2785. 
Zar JH, 1996. Biostatistical analysis. Prentice-Hall, Englewood Cliffs, New Jersey. 
 
 
 
19 
Table 1 – Fungal species combinations in microcosms at high and low fungal diversity 
levels 
Diversity level Species combinations 
High 
A. acuminata + A. filiformis + F. curta + H. lugdunensis + L. 
curvula + T. marchalianum + T. splendens + V. elodeae 
A. acuminata + A. filiformis + A. tetracladia + F. curta + H. 
lugdunensis + T. marchalianum + T. splendens + V. elodeae 
Low 
A. tetracladia + H. lugdunensis + L. curvula + V. elodeae 
A. filiformis + F. curta + T. marchalianum + T. splendens 
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Table 2 – Three-way nested ANOVAs of the effects of temperature, species number and 
assemblage composition (identity), nested within species number, on leaf mass loss, 
fungal biomass and fungal sporulation. 
 
Parameter Treatment Df F P 
Leaf mass loss 
Temperature 2 16.99 <0.0001 
Species number 1 0.64 0.4287 
Identity {species number} 2 1.76 0.1867 
Temperature X species number 2 0.31 0.7358 
Temperature X identity {species number} 4 1.81 0.1474 
Error 36   
Fungal biomass 
Temperature 2 3.13 0.0560 
Species number 1 1.06 0.3090 
Identity {species number} 2 5.28 0.0098 
Temperature X species number 2 1.40 0.2606 
Temperature X identity {species number} 4 4.43 0.0052 
Error 36   
Fungal sporulation 
Temperature 2 1.79 0.1816 
Species number 1 22.67 <0.0001 
Identity {species number} 2 50.42 <0.0001 
Temperature X species number 2 3.54 0.0394 
Temperature X identity {species number} 4 4.02 0.0085 
Error 36   
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Table 3 – Relative percentage contribution of aquatic hyphomycete species to the total conidia released, after 28 days in microcosms under the 1 
following temperature regimes: i) kept at 16 ºC during 28 days (ambient temperature), ii) an abrupt increase of 8 ºC, from 16 to 24 ºC, after 21 2 
days (abrupt), and iii) a gradual increase from 16 to 24 ºC with increments of 2-3 ºC after each 7 days (gradual). Mean values, n=4. 3 
Species Low diversity High diversity 
 AT + VE + HL + LC FC + TS + TM + AF All – AT  All – LC  
 Ambient Abrupt Gradual Ambient Abrupt Gradual Ambient Abrupt Gradual Ambient Abrupt Gradual 
A. acuminata (AA) - - - - - - 14.9 11.7 8.8 11.1 10.2 9.6 
A. filiformis (AF) - - - 12.4 14.3 24.7 3.8 4.0 4.9 3.4 3.7 3.3 
A. tetracladia (AT) 4.8 2.9 4.5 - - - - - - 11.9 9.6 6.1 
F. curta (FC) - - - 1.9 2.0 1.6 0.0 0.3 0.0 0.0 0.0 0.0 
H. lugdunensis (HL) 76.0 79.6 71.8 - - - 69.0 62.9 65.8 52.2 55.7 61.1 
L. curvula (LC) 2.8 3.6 7.8 - - - 0.4 0.7 2.5 - - - 
T. marchalianum (TM) - - - 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
T. splendens (TS) - - - 85.7 83.6 73.7 2.8 6.8 6.8 1.9 3.0 2.2 
V. elodeae (VE) 16.4 13.9 15.9 - - - 9.1 13.6 11.2 19.5 17.8 17.7 
All – AT, all species except AT; All – LC, all species except LC-, absent in the treatment 4 
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Figure legends 
 
Figure 1 - Effects of temperature on leaf mass loss (A), fungal biomass (B) and fungal 
sporulation rate (C) in microcosms containing aquatic hyphomycete assemblages at two 
combinations of low diversity (four species) and two combinations of high diversity 
(eight species) exposed to the following temperature treatments: i) kept at constant 
temperature of 16 ºC for 28 days (Ambient); ii) an abrupt increase of temperature from 
16 to 24ºC after 21 days (Abrupt), and iii) a gradual increase of temperature from 16 to 
24ºC with increments of 2-3ºC every 7 days (Gradual). Microcosm experiment ran for 
28 days. AA, Alatospora acuminata; AT, Articulospora tetracladia; VE, Varicosporium 
elodeae; HL, Heliscus lugdunensis; LC, Lunulospora curvula; FC, Flagellospora curta; 
TS, Tricladium splendens; TM, Tetracladium marchalianum; AF, Anguillospora 
filiformis; All-AT, all species except AT; and All – LC, all species except LC. M ± SD, 
n=4.  
 
 
Figure 2 - Effect sizes of temperature (A) and diversity (B) treatments on leaf mass 
loss, fungal biomass and reproduction expressed as percentage of deviation from the 
grand mean. 
 
 
 
 
 
 


